Background: We evaluated KRAS (mKRAS (mutant KRAS)) and BRAF (mBRAF (mutant BRAF)) mutations to determine their prognostic potential in assessing patients with colorectal cancer (CRC) for lung metastasectomy.
Colorectal cancer (CRC) is the third most frequently diagnosed cancer and the second most common cause of cancer-related deaths in the world (Weitz et al, 2005) . In 2012, CRC was the second most diagnosed cancer in Europe with 450 000 new cases and the second leading cause of death with 215 000 cases (Ferlay et al, 2013) . Up to nearly 50% of patients will experience metastases during their lives, mainly located in both the liver and the lung (August et al, 1984; McCormack et al, 1992) . Thoracic metastasectomy of CRC remains controversial despite several published series that have reported a 5-year overall survival (OS) ranging from 20 to 60% after surgery (Sauter et al, 1990; McAfee et al, 1992; Baron et al, 1996; Girard et al, 1996; Okumura et al, 1996; Zanella et al, 1997) , compared with the 5-year OS of the conventional treatment with 5-fluorouracil (5-FU)-based chemotherapy that does not exceed 5% (Poon et al, 1989) . Because the resection of lung parenchyma can cause morbidity and always alters respiratory function, several risk factors for a poor outcome after thoracic surgery have been identified to help select appropriate candidates for surgery. These risk factors include a high preoperative level of carcinoembryonic antigen (CEA), a short disease-free survival (DFS), an association with hepatic metastases, the number of thoracic metastases, an incomplete resection or lymph node involvement (LNI; Adam et al, 2011; Zabaleta et al, 2011; Hamaji et al, 2012; Sclafani et al, 2013) . However, the past few years have seen an increased understanding of the molecular alterations in tumours that has led to many changes in the management of patients. In particular, clinicians can offer a more accurate prognosis, predict tumour response to therapy and personalise treatment approaches more accurately (Karagkounis et al, 2013) . Two of the proto-oncogenes present in CRC have been extensively studied: V-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) and V-raf Murine sarcoma viral oncogene homolog B1 (BRAF). The involvement of KRAS in the carcinogenesis of CRC, specifically its role in the development of adenocarcinoma of the large intestine, has been known for many years (Vogelstein et al, 1988; Karagkounis et al, 2013) . Some studies have suggested that the KRAS mutation is an independent prognostic factor in paired primary and metastatic CRC (Conlin et al, 2005) . Furthermore, it is well known that the presence of KRAS mutations is strongly associated with resistance to antiepidermal growth factor receptor (EGFR) therapies (Lievre et al, 2006; Karapetis et al, 2008; Diaz et al, 2012) . In addition, the presence of the V600E mutation in the BRAF gene is associated with an increased risk of death in CRC patients (Samowitz et al, 2005; Richman et al, 2009; Roth et al, 2010; Price et al, 2011) . Only one single study has previously evaluated the potential role of molecular markers (that is, EGFR KRAS and BRAF) as risk factors for early recurrence after lung metastasectomy of CRC (Schweiger et al, 2014) . However, to the best of our knowledge, no studies have focused on the possibility of using both KRAS and BRAF as biomarkers in selecting appropriate candidates for thoracic metastasectomy of CRC. Thus, we evaluated whether patients with the mutant KRAS (mKRAS) and mutant BRAF (mBRAF) had worse OS after thoracic surgery than patients with wild-type (WT) BRAF and KRAS.
MATERIALS AND METHODS
This study was approved by our Institutional Review Board. We retrospectively analysed the records of 265 consecutive patients with metastatic CRC who underwent a thoracic procedure in the Thoracic Surgery Department of Strasbourg University Hospital (France) from January 1998 to December 2011. Eighty-five patients for whom mutational status was unknown were excluded from the study. All of the patients were considered completely cured of their primary tumour at the time of thoracic metastasectomy, and all pulmonary metastases were metachronous. The decision to perform thoracic surgery was made by the multidisciplinary board in the presence of a certified thoracic surgeon. The only cases of extrathoracic metastases were in patients who had hepatic metastases.
Preoperative thoracic evaluation was performed by a chest computed tomography scan and, in more recent years, by an 18-fluorodeoxyglucose positron emission tomography scan. Economical parenchymal resections, such as segmentectomy and wedge resections, were performed. In cases where multiple lesions were sited in the same lobe, a lobectomy was often chosen, whereas a pneumonectomy was carried out when various lobes presented multiple lesions that were not accessible to a less extensive resection or were centrally located. A sequential bilateral thoracotomy was preferred to a median sternotomy in the presence of bilateral metastases. A thoracotomy was preferentially offered because it allowed the surgeon to palpate the lung while assessing for metastases not revealed by the preoperative imaging. As routinely performed in our Department of Thoracic Surgery to obtain complete tumour resection, a radical mediastinal lymphadenectomy, consisting of the ablation of stations 4R, 7, 8, 9 and 10 on the right side and stations 4L, 5, 6, 7, 8, 9 and 10 on the left side, was systematically performed regardless of the results of the preoperative imaging. The local resection was considered to be complete if both macroscopic palpable lesions and microscopic invasion were absent from the edges of the resection, as determined by a histopathologic examination.
All resected specimens were confirmed to be metastatic lesions of CRC by a senior pathologist. The mutation analyses of the KRAS and BRAF genes were performed by extracting genomic DNA from formalin-fixed tissue slides or sections from the primary CRC tumour using the QIAamp DNA-formalin fixed tissue kit (Qiagen, Valencia, CA, USA). The amplification of regions of interest (that is, codon 12/13 for KRAS mutations and V600E for BRAF mutations) was performed by PCR. Appropriate positive and negative controls were included. The PCR protocol was as follows: an initial denaturation at 95 1C for 5 min, followed by 40 cycles of amplification at 95 1C for 40 s, 57 1C for 40 s and 72 1C for 40 s and, finally, an elongation at 72 1C for 10 min. The oligonucleotide primers used for amplifying the KRAS codon 12/13 were 5 0 -TGAT AGTGTATTAACCTTATGTG-3 0 (sense) and 5 0 -TTGTTGGATC ATATTCGTCC-3 0 (antisense); for BRAF, they were 5 0 -TCCTTTA CTTACTACACCTCAGATA-3 0 (sense) and 5 0 -GACCTTCAATG ACTTTCTAGTAAC-3 0 (antisense). The amplified products were then sequenced.
Patients were categorised according to age, performance status (according to World Health Organization (WHO) classification), gender, number of pulmonary metastases, unilateral or bilateral thoracic metastases, thoracic re-intervention, preoperative CEA, liver metastases, presence or absence of LNI, hiliar vs mediastinal location of any LNI, DFS length and mutational status (that is, KRAS, BRAF). WT patients were those possessing neither KRAS nor BRAF mutations. DFS length was calculated from the surgery of the primary CRC to the first diagnosis of a thoracic or liver metastasis by imaging. OS was calculated from the first metastasectomy until death or the last follow-up. Locoregional recurrence-free survival (LRRFS) was defined as the time period between a thoracic metastasectomy and the first diagnosis of thoracic recurrence. Post-operative death was defined as inhospital death or that occurring within 30 days following surgery. The Charlson comorbidity index (CCI) was calculated for each patient. The CCI incorporates 19 chronic diseases weighted according to their association with mortality. We grouped patients according to their total score into the following established categories: 0 (no comorbidity); 1-2 (average); 3-4 (moderate); and X5 (severe) (Charlson et al, 1987) . Because patients were referred to our Department of Thoracic Surgery by multiple oncologists from different centres, we had no uniform protocols for neo-adjuvant and adjuvant chemotherapy. However, all of the chemotherapy regimens were based on 5-FU.
IBM SPSS (Armonk, NY, USA) v.20 was used for statistical analyses. Comparisons between groups were performed with w 2 , Fisher or Student's t-tests when appropriate. Correlations between qualitative variables were assessed by calculating Cramer's V. The prognostic influence of variables on survival was assessed with a log-rank test and Cox proportional hazard models, whereas a binary stepwise logistic regression was performed to evaluate influence of variables on recurrence after thoracic surgery. A twoway ANOVA was conducted that examined interaction between discontinuous variables. All tests were two sided, and the variables were considered significant for P-values o0.05. All variables with P-values o0.2 were tested in multivariate analysis.
RESULTS
Clinical and molecular characteristics. The characteristics of the patients are listed in Table 1 . Our population was mainly composed of males (62.2%). Mean age of the patients at the time of their thoracic metastasectomy was 63.35 years old ( ± 9.66), and the median follow-up time was 42 months (2-122). The primary tumour was located in colon in half of the patients (n ¼ 87). In total, 23 patients had stage pT1 and pT2 primary tumours (12.8%), 98 patients had pT3 tumours (54.4%) and 36 patients had pT4 tumours (20%). Eighty-seven patients (48.3%) exhibited peritoneal LNI at the time of CRC surgery. Otherwise, neo-adjuvant chemotherapy was administered in 93 cases before CRC surgery (51.7%), whereas adjuvant chemotherapy following CRC surgery was administered in 106 patients (58.9%). The mean DFS was 50.41 months ( ± 47.58). Fifteen percent of the patients had developed at least one liver metastasis. The mean number of resected metastases was 2.37 (±1.54), and all patients exhibited complete local resection. A positive LNI was found in 58 patients (32.2%), which was mediastinal in 36% of patients, although 49% developed multiple thoracic metastases. Bilateral metastases were found in 26% of the patients. In 49% of the patients, a neo-adjuvant treatment was initiated immediately before thoracic surgery, whereas 48% underwent an adjuvant treatment after thoracic metastasectomy. There were no in-hospital deaths; however, the post-operative mortality rate was 0.5%. Six (3.3%) patients were observed to experience leftsided laryngeal recurrent nerve palsies.
Molecular analysis revealed the mKRAS gene in 93 patients (51.7%) and mBRAF in 19 patients (10.6%). The G12D mutation was found in 30 patients (32.3%), G12V in 25 patients (26.9%), G13D in 20 patients (21.5%), G12C in 9 patients (9.7%), G12S in 5 patients (5.4%) and G12A in 4 patients (4.3%). Patients with the mBRAF gene developed significantly more LNI than patients with WT or mKRAS in both thoracic (94.7 vs 0 or 43%, respectively, Po0.0001) and colorectal locations (68.4 vs 52.9 or 40.9%, P ¼ 0.05). Correlations between mBRAF status and thoracic pN status (Cramer's V ¼ 0.63, Po0.0001) as well as colorectal pN status (Cramer's V ¼ 0.14, P ¼ 0.06) were noted. However, no correlations were observed between mKRAS status and either thoracic (Cramer's V ¼ 0.006, P ¼ 0.94) or colorectal pN status (Cramer's V ¼ 0.009, P ¼ 0.36). mBRAF patients were more likely than the other patients to develop more than one thoracic metastasis (Po0.0001) and liver metastasis (P ¼ 0.04). Otherwise, adjuvant chemotherapy after CRC surgery was significantly more frequent in mBRAF patients (P ¼ 0.02). Finally, the CCI score was significantly lower in WT patients than in both mBRAF and mKRAS patients (Po0.0001). Data are shown in Table 1 . Table 2 . Because mBRAF and pN status were correlated, a multivariate analysis model excluding pN status was employed (Table 3) . CCI significantly influenced OS when patients with a CCI score of 0 were compared with patients with a CCI score of 1, 2 and 3 (Po0.0001). In addition, WT BRAF (HR: 0.005 (95% CI: 0.001-0.02), Po0.0001) and WT KRAS (HR: 0.04 (95% CI: 0.02-0.1), Po0.0001) had a significant impact on OS. Moreover, the absence of both liver metastasis and neo-adjuvant treatment before CRC surgery correlated with an upward trend in OS. Furthermore, adjuvant treatment following thoracic surgery, adjuvant treatment during the time period immediately before or after CRC surgery and the number of thoracic metastases did not achieve significance in the multivariate analysis. Finally, a two-way ANOVA was conducted that examined the effect of mutational status and LNI on OS. There was not a statistically significant interaction between the effects of mutational status and LNI on OS (F ¼ 2.033, P ¼ 0.134).
Because FOLFOX (folinic acid, 5-FU, oxaliplatin) chemotherapy regimen was approved by the Food and Drug Administration in 2004, OS was compared for patients who were treated before and after 2004. Median OS was not reached for patients who were treated after 2004 (n ¼ 38) but was not significantly different from those treated before 2004 (n ¼ 147, median OS: 94 months, 95% CI: 6.94-80.39, P ¼ 0.8).
Locoregional recurrence. At the end of the follow-up period, 93 (51.7%) patients experienced a thoracic recurrence. Significantly more mBRAF patients experienced a LRR compared with mKRAS and WT patients (100, 46.2 and 45.6%, respectively, Po0.0001). Indeed, the risk of LRR was significantly increased in cases with mBRAF status compared with both WT and mKRAS (odds ratio (OR): 19.87, Po0.0001). No significant difference was noted concerning the risk of LRR and the type of KRAS mutation (P ¼ 0.76). More patients with an elevated preoperative CEA experienced a LRR (60.6 vs 45.9%, OR: 0.05, 95% CI: 0.3-1.01, P ¼ 0.07); however, this result was not significant, only approaching significance. Finally, no significant differences in the risk of LRR with respect to gender (P ¼ 0.3), nodal status (P ¼ 0.15), DFS (P ¼ 0.15), the number of thoracic metastases (P ¼ 0.77), history of liver metastases (P ¼ 0.29) and neo-adjuvant (P ¼ 0.23) and adjuvant treatments (P ¼ 0.38) were noted.
Finally, based on multivariate analyses, an elevated preoperative CEA was the only prognostic factor of LRR (HR: 1.98 (95% CI: 1.04-3.78), P ¼ 0.04). Mutational status (P ¼ 0.99), nodal status (P ¼ 0.46) and DFS (P ¼ 0.18) did not influence the LRR.
In univariate analyses, LRRFS was significantly influenced by the mutational status. Indeed, the median LRRFS of mBRAF patients only reached 4 vs 31 months for mKRAS and 72 months for WT (Po0.0001). The corresponding 5-year LRRFS were 0, 18 and 69%, respectively. Otherwise, the LRRFS was significantly lower in cases with a higher primary tumour pT stage (Po0.0001), CRC and thoracic LNI (P ¼ 0.001 and 0.04, respectively), neoadjuvant and adjuvant chemotherapy around CRC surgery (P ¼ 0.001 and o0.0001, respectively), multiple thoracic metastases (P ¼ 0.003), a history of liver metastases (P ¼ 0.02) and adjuvant chemotherapy after thoracic surgery (P ¼ 0.05). However, based on multivariate analyses, only the pT stage of the primary tumour (Po0.0001) and mutational status remained independent prognostic factors. Indeed, both KRAS WT (HR: 0.16 (95% CI: 0.07-0.33), Po0.0001) and WT BRAF (HR: 0.04 (95% CI: 0.02-0.11), Po0.0001) were associated with better outcomes. Data are presented in Table 4 . Neo-adjuvant and adjuvant chemotherapy were administered before and after thoracic metastasectomy.
DISCUSSION
Lung metastasectomy of CRC is steadily gaining acceptance in the field of thoracic surgery, although it remains a subject of debate because of the absence of recent comparisons between simple follow-up and surgery. However, published data support the idea that surgery, when technically feasible, remains the best approach for a subset of patients and leads to a 5-year OS ranging from 20 to 60% (Sauter et al, 1990; McAfee et al, 1992; Baron et al, 1996; Girard et al, 1996; Okumura et al, 1996; Zanella et al, 1997) . The historical treatment, which is based on 5-FU, leads to a 5-year OS of 5% (Poon et al, 1989) . Because resection of the lung parenchyma can cause morbidity and always alters respiratory function, appropriate candidates for surgery must be clearly identified to avoid a surgery when the risks outweigh the benefits. To assist in evaluating patients for metastasectomy, several studies have tried to identify prognostic factors, namely, a high preoperative level of CEA, a short DFS, the presence of hepatic metastases, a number of thoracic metastases, an incomplete resection or LNI (Adam et al, 2011; Zabaleta et al, 2011; Hamaji et al, 2012; Sclafani et al, 2013) . However, despite these clinical prognostic markers, some patients do not benefit from thoracic surgery, which leads to a search for other prognostic markers. During the past few years, the elucidation of molecular alterations in tumours has led to better management of patients by allowing the identification of subgroups of patients that harbour a different sensitivity to drugs or a different prognosis, such as an EGFR-activating mutation in non-small cell lung cancer (Kobayashi et al, 2005) . In patients with CRC, two biomarkers have been the object of focus: the codon 12/ 13 mutation of KRAS and V600E of BRAF genes. However, to the best of our knowledge, our study is the first to focus on the role of these two biomarkers in selecting candidates suitable for surgery. Most published series have reported an incidence of KRAS mutations in both localised and metastatic CRC ranging from 35 to 45% (Andreyev et al, 1998 (Andreyev et al, , 2001 Lievre et al, 2006; Richman et al, 2009) , whereas BRAF mutations are found in 8-10% of patients with metastatic CRC (Richman et al, 2009; Price et al, 2011) . In our cohort, 52% of the patients carried the mKRAS gene, and 10% carried the mBRAF gene. Our results are in line with two previous studies that reported a higher rate of mKRAS in lung metastases than in liver metastases of patients with primary CRC. Indeed, Tie et al (2011) reported a rate of 62% of mKRAS in lung metastases vs 32.3% in liver metastases, and Cejas et al (2009) reported a rate of 57% of mKRAS in case of lung metastases vs 35% in liver metastases. Although our series reports a lower rate of KRAS mutations in patients with liver metastases compared with these two published series, mKRAS was found in only 16% of patients with liver metastasis, and this supports the idea that there is a metastasis site-specific association of KRAS. However, given that incidence of these mutations were not known in patients in our cohort who did not meet the inclusion criteria, the interpretation of this association must be performed with caution. Schweiger et al (2014) , in their work on molecular markers on 44 patients undergoing a pulmonary metastasectomy, did not observe mBRAF. However, the prevalence of mBRAF of 10% might partially explain why in their relatively small population they did not observe this kind of mutation. Furthermore, the authors reported that mKRAS was associated with multiple thoracic metastases. This is in accordance with our findings. Indeed, even if mBRAF developed significantly more thoracic metastases than WT and mKRAS, the number of patients with multiple thoracic metastases was higher in the latter than in WT.
The published literature supports the idea that patients with metastatic CRC and KRAS mutations have the same prognosis as WT patients (Kastrinakis et al, 1995; Russo et al, 1998; Petrowsky et al, 2001; Hecht et al, 2009; Tol et al, 2010; Price et al, 2011) . Nevertheless, no published study focused on OS in patients with lung metastases. We observed in paired univariate and multivariate analyses that mKRAS negatively impacted OS after lung metastasectomy. However, even if the benefit of surgery for mKRAS patients is not as high as for others, long-term survival can be achieved. Indeed, the 5-year OS of 44% that is offered by surgery is superior to medical treatment. Furthermore, we observed that among those who carry a mutation in codon 12, median OS was significantly better for those who carry the G12D mutation (60 months) and lower for those who carry the G12C mutation (37 months). Interestingly, our data are similar to those of Modest et al, and two other papers that reported a poor prognosis in patients with the G12C mutation (Ihle et al, 2012; Fiala et al, 2013) . In our cohort, however, we were unable to perform further statistical analyses to correlate this marker with clinical prognostic factors because the sub-population of patients with the KRAS mutation was small. However, the observations regarding mKRAS mutations favour a correlation between different biological behaviours and the type of KRAS mutation. Further studies are necessary to understand the role of mKRAS as a prognostic factor in lung metastases of CRC. Patients with CRC who possess the mBRAF mutation have been shown to have a worse OS (Samowitz et al, 2005; Richman et al, 2009; Roth et al, 2010; Price et al, 2011) . Our results confirm these data; patients with mBRAF had an OS 3.5 times less than patients with mKRAS and 6.5 times less than patients with the WT gene. This can be partially explained by the fact that those with mBRAF developed significantly more thoracic and colorectal LNI and significantly more thoracic metastases, and were more likely to develop liver metastases, all of which are known to be negative prognostic factors. Tran et al (2011) also identified that mBRAF patients were more likely to develop distant nodal metastases, as did Howell et al (2013) , who observed a higher rate of nodal metastases of papillary thyroid cancer in these patients. Furthermore, we observed that mBRAF patients were associated with increased pT stages of the primary CRC tumour, which negatively impacts the OS in our cohort. No previous studies have indicated that mBRAF patients develop more liver metastases. It is possible that this significant result in our cohort might be related to the small number of patients rather than to a real association. However, to the best of our knowledge, our work is the first to Neo-adjuvant and adjuvant chemotherapy were administered before and after thoracic metastasectomy. Given that the correlation between mutational status and pN status were correlated, mutational status was exclusively included in multivariate analyses.
report a link between mBRAF and the number of thoracic metastases. These data, including a 5-year OS of 0%, support the idea that mBRAF patients may not benefit from lung metastasectomy and should be excluded from thoracic surgery. However, due to the small number of patients in this group, no firm recommendation can be made. Schweiger et al (2014) reported a significantly shorter time to pulmonary progression for mKRAS. We first observed that the risk of pulmonary recurrence was significantly higher for mBRAF, whereas the risk was not increased for mKRAS compared with WT patients. Nevertheless, we observed that recurrence did not negatively affect OS if an additional surgery was performed and a complete resection was achieved. On the other hand, based on both univariate and multivariate analyses, we observed that LRRFS was significantly influenced by mutational status. In particular, consistent with the previous publication of Schweiger et al, we observed that the LRRFS was significantly shorter for mKRAS patients (31 months). Moreover, we observed that LRRFS worsened for mBRAF patients, only reaching 4 months. This result appears to be another argument to contra-indicate surgery for mBRAF patients.
We noticed that patients undergoing peri-operative treatments after CRC and thoracic surgery displayed reduced OS and LRRFS. However, peri-operative treatments were preferentially offered to patients with higher primary tumour pT stages, colorectal or thoracic LNI, and liver metastases and multiple thoracic metastases, all of which negatively impact OS and/or LRRFS. Furthermore, the different chemotherapy regimens are an important bias in the interpretation of this result. Consequently, no conclusions can be drawn from these results.
Our study has a few limitations that must be considered when analysing the results. First, it is a retrospective cohort study with a relatively small sample size. Moreover, the molecular data were obtained from the primary CRC and not from the metastatic tumours. Whether there is a concordance between the primary and the metastatic tumours remains a doubt, although Cejas et al (2009) reported a concordance of 94%. In addition, some data that may partially impact the OS are lacking. We were not able to determine the interval that separated the liver or lung metastases from the CRC or the hepatic metastases. This may not be important because, according to Zabaleta et al (2011) , the time between the hepatic resection and the lung metastasectomy does not affect survival. Nevertheless, patients with synchronous liver metastases and CRC have poorer survival. Our study also covers a 13-year period, during which the management of patients could have changed, especially with the introduction of targeted therapies that might impact OS. Moreover, the different regimens of chemotherapy used could also have influenced the survival of studied patients. However, we particularly did not observe a significantly different OS after introduction of FOLFOX. Finally, even if the CCI score was significantly lower for WT patients, when analysed in multivariate analysis, the mutational status and the CCI were both independent prognostic factors.
In conclusion, our study is the largest to evaluate both BRAF and KRAS mutations as biomarkers for selecting appropriate candidates with CRC for lung metastasectomy. These preliminary data suggest that the mutation status confers different clinical behaviours and show that these biomarkers may help to select candidates for lung metastasectomy. Thus, mBRAF patients appear to be poor candidates, and the treatment regimen should be reviewed before thoracic surgery. Conversely, patients with the mKRAS mutation appear to benefit from lung surgery. Nevertheless, it appears that the different subtypes of mKRAS confer different clinical implications, and because the prognostic and predictive values of the G12C mutations appear worse than those of other mutations, more studies are necessary. These results must be analysed with caution in light of the few limitations listed above; prospective trials of large cohorts are needed to confirm these preliminary results.
